Abstract With the increased development and use of fluorescence lifetime-based sensors, fiber optic sensors, fluorescence lifetime imaging microscopy (FLIM), and plate and array readers, , calibration standards are essential to ensure the proper function of these devices and accurate results. For many devices that utilize a "front face excitation" geometry where the excitation is nearly coaxial with the direction of emission, scattering-based lifetime standards are problematic and fluorescent lifetime standards are necessary. As more long wavelength (red and nearinfrared) fluorophores are used to avoid background autofluorescence, the lack of lifetime standards in this wavelength range has only become more apparent . We describe an approach to developing lifetime standards in any wavelength range, based on Förster resonance energy transfer (FRET). These standards are bright, highly reproducible, have a broad decrease in observed lifetime, and an emission wavelength in the red to near infrared making them well suited for the laboratory and field applications as well. This basic approach can be extended to produce lifetime standards for other wavelength regimes.
Introduction
Fluorescence methods are a flexible, powerful technology which can be applied to many different fields, from oceanography [1] , to protein kinetics [2] , to biomedicine [3] [4] [5] . Some sensors and biosensors incorporate fluorescence technology [6] to quantify analytes such as trace metals [7] , amino acids [8] , and many other small molecules and compounds [9] [10] [11] [12] [13] [14] . Highly sensitive fluorescence methods have been adapted (for example) to fields such as neuroscience where it is used to enhance our understanding of neurodegenerative disease states like ischemic stroke [15] [16] [17] . In addition to standard fluorometers, many fluorescence methods and assays have been adapted for use in microwell plate readers, epifluorescence microscopes, and for use with array chips. An increasing number of these instruments measure fluorescence lifetimes, which have become particularly important in measurements based on Förster resonance energy transfer (FRET). The need to avoid background fluorescence and minimize attenuation in fluorescence-based fiber optic sensors and transdermal imaging has led to the development of fluorescent probes in the red to near infrared wavelengths [18] [19] [20] 34] . Although solutions of standard fluorophores are commonly used in calibration of fluorescence lifetime instrumentation in time-and frequency-domain fluorometry, [21] [22] [23] [24] [25] [26] [27] [28] , there are very few effective standards in the red to near infrared wavelength range. Simple lifetime standards such as Rayleigh scatterers are commonly used with standard fluorometers because they have a lifetime of effectively zero, allowing them to be usable with any excitation source, but these standards are generally not suitable for systems which employ (for example) fiber optics to gather information on changes in fluorescence. Unlike a standard L-or T-format fluorometer where only emission from the cuvette is directly observed and scattering from other sources is minimized by the right-angle geometry, fiber optic fluorometers have multiple optical components (objective, dichroic mirror, and the fiber optic itself) that are illuminated by the excitation in the optical path, all of which can act as sources for scattered light which is collected by the detector (Fig. 1)[29] ; the use of Rayleigh scatterers as standards in this type of system is infeasible because the components have differing pathlengths from the excitation source and detector, and consequently different apparent (superimposed) decays. Similar situations also occur in many microwell plate readers, array (chip) readers, and epifluorescence microscopes which also essentially have "front-face illumination" geometry where the excitation and emission beams are close to coaxial. For testing the function and alignment of these instruments, it is desirable to have fluorophore standards of known lifetimes which closely mimic the excitation and emission wavelengths of the fluorescence sensor, since the transmission of the optics and the detector response are typically wavelength-dependent. For our frequency-domain fiber optic sensor, this equates to a bright fluorophore of known phase and modulation at given modulation frequencies that can be placed at the distal end of the fiber optic, mimicking the sensor probe in Fig. 1 . Moreover, since the length of fiber varies with the application, introducing a lengthdependent phase shift, it is desirable to have multiple standards with differing lifetimes to provide a multipoint calibration. Similar issues obtain in lifetime-based plate readers, microscopes, and chip readers. A fluorescence lifetime standard based on Förster resonance energy transfer (FRET) [30] , as described below, enables standards to be reproducibly formulated for essentially any wavelength regime with a range of lifetimes. Of course, good standards (cited above) exist for much of the ultraviolet and visible portions of the spectrum, but few exist at red and nearinfrared wavelengths (the longest wavelength previously published standard we are aware of is Erythrosin B at 630 nm described in 2007 [28] ), so we developed an example in the red wavelength range. In our case the standards are solutions of a fluorophore with the desired spectral characteristics mixed together with differing, specified concentrations of a colored (usually nonfluorescent) dye whose absorbance overlaps the fluorophore emission. Because of the overlap, energy transfer occurs, reducing the apparent intensity and lifetime of the donor to a degree which may be predicted by Forster's theory.
The extent of energy transfer depends on the distance between donor and acceptor molecules, benchmarked as the Förster distance (R o ) , the donor-acceptor distance where FRET is 50% efficient [30] . This implies that, for uncoupled donors and acceptors which are allowed to diffuse independently of one another, energy transfer is also dependent on the ability of the acceptor to diffuse toward the donor molecule, and vice versa, during the latter's lifetime. The extent of the transfer is thus dependent (in addition to the overlap integral, refractive index, and relative orientation) on the acceptor concentration, which for acceptors to be within typical R 0 's of tens of Angstroms of the donor must be high (µM to mM) for significant energy transfer to occur [31] . When the acceptor molecules are in close proximity to the donor molecules they reduce the emission seen from the fluorophore depending on the wavelength overlap of donor emission and acceptor excitation, as well as inner filter effects. Since the acceptor molecules acquire the emission energy from the donors during the excited state, they reduce the apparent emissive lifetime of the donor in solution, so as the concentration of the acceptor is increased the lifetime of the solution emission normally decreases [30] . In phase or frequency domain fluorometry decreasing the lifetime by increasing the concentration of acceptor molecules decreases the phase Fig. 1 Schematic of fluorescence-based fiber optic sensor. Excitation from the laser ( _ _ _ ) passes through the dichroic mirror and is launched into the fiber optic at the proximal end; fluorescence ( …… ) comes back from the sensor at the distal end though the fiber, is collected by the microscope objective, is reflected off the dichroic mirror, and passes through the emission filter to be collected by the detector. Reproduced from [29] with permission angle of the emission and increases the modulation ratio, at all modulation frequencies. In order to properly fit the frequency-dependent phase and modulation curves one would normally have to account for the diffusion of the donor and acceptor molecules when in solution [32] . In this study, though, the fluorophore chosen, Diethylthiadicarbocyanine Iodide (DTDCI) has a known short lifetime of 1.7ns [33] , so that in ethanol, at room temperature, donor and acceptor can only diffuse a short distance during the donor lifetime. The diffusion coefficients for donor (DTDCI) and acceptor (Janus Green B) molecules under these conditions were calculated from estimated bond lengths of the compounds. The coefficients were 3.36× 10
, and 1.55×10
respectively, which correlate to a diffusion distance, in ethanol, of 10.69 Å for DTDCI and 7.27 Å for Janus Green B during the lifetime of DTDCI (1.7ns) . Both of these distances are well below the calculated Förster distance for the pair, R o =49.7 Å. Also, the lowest concentration of Janus Green B in use here is more than 16-fold higher than the concentration that would place an acceptor on the average at a distance equal to R 0 [31] . The effect of diffusion on the donor decay is then very small, and the frequencydependent phase and modulation data generated in the study are for the most part well fit by a monoexponential model, as shown by Lakowicz, et al. [32] . If the donor had a much longer lifetime; and/or the donor-acceptor pair had a poorer overlap; and/or the pair could diffuse much faster due to small size, low viscosity, and/or high temperature; diffusion would become important and the time dependent decay would be non-exponential. We note that it is convenient but not necessary that the decay be monoexponential; for our purposes the frequency-dependent phase and modulation need only be reproducible, which is straightforward since at a particular temperature they are mainly functions of the acceptor concentration. Fortunately, for a given wavelength regime it is usually possible to identify a donor-acceptor pair with excellent overlap and a relatively short donor lifetime such that solutions exhibiting a range of lifetimes can be readily formulated. Standard errors of 0.30 and 0.003 where used for the fits of phase delay and modulation ratio to calculate χ 2 respectively. The modulation ratio for 97.5μM Janus Green B was scaled by a factor of 1.02 while the modulation ratio for 162.5μM Janus Green B was scaled by a factor of 1.05 Fig. 2 Spectral overlap of the emission spectrum of DTDCI in ethanol (solid line) with the absorption spectrum of Janus Green B in ethanol (dashed line)
Experimental

Materials
Ethanol and fluorophores used were of the highest purity commercially available and were not purified further. Rose Bengal and Janus Green B (65% Dye) were obtained from Sigma-Aldrich; Diethylthiadicarbocyanine Iodide was originally obtained from Eastman Organics Company, Rochester, NY.
Instrumentation
Multifrequency phase fluorometric measurements were performed on an ISS K2 (ISS Inc., Champaign, IL) fluorometer. Excitation at 514nm was provided by a Spectra Physics Argon Ion laser (Model # 2065) (Newport Corp., Spectra-Physics Div., Mountain View, CA) for experiments in cuvettes. Emission was measured through an RG595 filter and Glan-Thompson polarizers in "magic angle" configuration. Frequency-dependent phase and modulation data were collected and analyzed by ISS Vinci software (ISS Inc., Champaign, IL).
Method
DTDCI was chosen as the donor molecule, due to its emission in the red/near infrared (NIR), similar to existing fiber optic Cu(II) sensors, and its known short lifetime [33] . Janus Green B was chosen as the acceptor molecule, due to near-perfect overlap of its absorbance spectrum with the emission spectrum of DTDCI (Fig. 2) . Increasing concentrations of Janus Green B were added to 10μM DTDCI in ethanol to give a range of solutions with 0 -162.5 μM of acceptor molecules. A solution of Rose Bengal in ethanol was used as a reference because of its accepted lifetime of 0.752ns [25] . Neutral density filters were placed in the pathway of the excitation and Rose Bengal emission light, and a RG595 filter was placed in the pathway of the sample emission light to eliminate artifacts due to scattered light. Master and slave synthesizers were set to 6.0 dBm and 3.0 dBm respectively. The excitation wavelength was set to 514nm and measurements were carried out in 0.7ml cuvettes due to inner filter effects, this closely mimics a fiber optic sensor since 655nm excitation only penetrates a short distance at these concentrations of Janus Green B. Emission data were recorded using the ISS Vinci software, and frequencydependent phase and modulation data and lifetime data were analyzed using both mono-exponential and two exponential models. During data analysis the phase delay standard error was set to 0.3 degrees and the modulation ratio standard error to 0.003, the modulation ratios for the two highest Janus Green B concentrations (97.5μM and 162.5μM) were multiplied by factors of 1.02 and 1.05 to correct a modulation artifact. Fig. 3 Frequency-dependent phase and modulation data of the lifetime standards; DTDCI (■), together with 32.5μM (•), 97.5μM (▲), and 162.5μM (▼) Janus Green B. Open symbols represent the modulation ratio, closed symbols represent the phase delay, lines indicate the best single component fits to the data (except for 97.5μM and 162.5μM Janus Green B where two component fits were used). It should be noted that the modulation ratios for 97.5μM and 162.5μM were scaled by factors of 1.02 and 1.05 respectively Data was generated by green excitation. The modulation ratios for 97.5μM and 162.5μM were scaled by factors of 1.02 and 1.05 respectively
Results and discussion
As expected, increasing the concentration of Janus Green B decreased the apparent donor emission lifetime (Table 1) . While we expected the lifetime data generated to be well fit to a monoexponential decay, the frequency-dependent phase and modulation data for the higher Janus concentrations (97.5μM and 162.5μM Janus) were better fit to two lifetime components, as is seen in the decrease in χ 2 . This difference in best fits, between lower concentrations of Janus Green B and higher, may be due to a modulation artifact in the DC current. Evidence for such an artifact is seen in the modulation data, which plateau at low frequencies slightly below 100% and in fits to phase only generated data, which report similar lifetimes to the corrected phase and modulation data ( Table 2 ). The significantly better fits to two components at the highest concentrations of Janus Green B could also be attributed to some sort of weak complex or the presence of impurities; commercially available Janus Green B assays only 65% due to the presence of salt used in its preparation. When the data are fit, the derived phase and modulation values from the model differ only slightly from the measured data, which can be seen on the frequency-dependent phase and modulation plot (Fig. 3) .
For convenience, calibration of fiber optic instrumentation can be accomplished by measuring the phase delay and modulation ratio at one modulation frequency of multiple standard mixtures, which can be done rapidly. The decrease in phase angle and increase in modulation ratio of samples of increasing acceptor molecule concentration is clearly shown by data taken at a frequency of 109MHz (Table 3) . The highest concentration of Janus Green B (162.5 µM) causes the measured phase angle to decrease 19.25 o at 109MHz from the phase of DTDCI alone, while the modulation ratio increases 9.58%. Use of long multimode fiber optics with sensors at the distal end creates a lengthdependent phase delay and demodulation due to modal dispersion in the fiber; both these effects can be corrected for by measuring the known phases and modulations of three or four standard solutions at the distal end of the fiber.
Conclusion
As fluorescence technology becomes more advanced and flexible in its applications, its use outside the research laboratory will become more prevalent [1] , as will fluorescent probes that push the boundaries into the red and near infrared wavelengths [5, [34] [35] [36] . Since their introduction in the Eighties, a variety of fluorescence lifetime-based sensors have devised for numerous purposes. Among the most important current uses of lifetime measurements is to measure FRET, as it has emerged that intensity-based methods of measuring FRET (particularly between GFP variants with substantial spectral bleedthrough) are easier but require substantial correction that compromises accuracy ; by comparison, lifetime measurements are more "rigorous" and "unambiguous" [37] . As FLIM instrumentation (now commercially available) becomes more widespread, one can expect its use to measure FRET will be correspondingly greater [38] [39] [40] . The increasing use of long wavelength fluorophores is due not only to the reduced background fluorescence, but to reduced scattering and absorbance, particularly in living tissue; hence there has been substantial interest in long wavelength fluorophores for use in transdermal imaging and sensing [18, 41] . For such imaging applications even longer wavelength standards (c. 800 nm) will be needed than those described here, but our same approach may be used with a suitable FRET pair in that wavelength range. We note that for lifetime imaging applications such as microscopy, plate reading, or transdermal imaging in vivo, the time response of the system typically varies across the visual field, and correction using lifetime standards is essential [42, 43] . In all these cases, more flexible calibration standards must be created to ensure proper function of fiber optic fluorescence sensors, FLIM microscopes, and array and plate readers. We report the development of such a set of standards, based on the FRET pair of DTDCI and Janus Green B. These bright and readily reproducible standards report a broad decrease in phase angle and increase in modulation ratio, which correlate to an overall decrease in lifetime. Due to the short lifetime of DTDCI, 1.7ns [33] , a simple mono-exponential fit can be applied to the frequency-dependent phase an modulation data, as previous investigators have shown when using a fluorophore with a short lifetime (~1 ns) that the fluorescent event will occur in such a time period in which diffusion does not need to be accounted for [32] . The generality of this approach makes it appealing for the development of standards at longer wavelengths especially.
